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The infrared spectrum of the used catalyst is similar to that 
of [Os3(CO)n ]2" (Table IV), and it is plausible that this may be 
the predominant structure. This cluster has been shown by NMR 
spectroscopy28 to have one bridging carbonyl ligand (the others 
being terminal); the EXAFS data are not expected to be sufficient 
to determine such a single bridging carbonyl ligand, but there is 
an indication in the data that there may be such ligand: the 
Fourier transforms (Figure 7) show a slight discrepancy around 
2.1 A, just where one would expect an Os-C distance for a 
bridging carbonyl ligand. (This contribution is considered too 
small to justify its inclusion in the analysis.)
The formation of [Os3(CO)n ]2" on a basic support has been 
observed before;35 evidently it is formed from [Os3(CO)12] on 
highly dehydroxylated (highly basic) MgO. The deprotonation 
of [HOs3(CO),,]~ to give this dianion has also been reported to 
occur on the basic MgO surface.35 We suggest that at the high 
temperature of the catalysis experiment, the same deprotonation 
could have occurred.
We emphasize that the structural models presented here are 
likely oversimplified; there is no basis in the data for excluding 
the presence of mixtures in the zeolites. Nonetheless, the data 
indicate a remarkable simplicity and uniformity of structure. The 
catalyst is also distinguished by its stability. Researchers have 
sought for years to stabilize molecular metal clusters to apply them 
as catalysts.36 Evidently the osmium carbonyl clusters in the basic
(35) Psaro, R.; Dossi, C.; Ugo, R. J. Mol. Catal. 1983, 21, 331.
(36) Gates, B. C.; Guczi, L.; Knozinger, H., Eds. Metal Clusters in Ca­
talysis', Elsevier: Amsterdam, 1986.
zeolite cages begin to meet the sought-for goal, but a proper 
stabilizing atmosphere (in this case CO or CO + H2) is required.
These results, like those of Herron et al.,5 provide evidence of 
a relatively new kind of shape-selective catalysis. The better-known 
examples include reactant shape selectivity (whereby some 
reactants enter the zeolite cages, whereas other potential reactants 
are too large and are sieved out); product shape selectivity 
(whereby some products are too large to leave the cages where 
they are formed and are therefore converted instead into other 
products or back into reactants); and transition-state shape se­
lectivity (whereby some products are excluded because the 
transition states are too large to form in the cages). The new kind 
of shape selectivity is catalyst shape selectivity, whereby the 
catalyst is stabilized in the zeolite cages where it is formed because 
it is too large to migrate out and change structure, such as by 
sintering.
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Theoretically Generated Vlbration-Rotatlon-Inversion Spectrum of Ar-NH3
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Starting from an ab initio potential surface we have calculated the van der Waals vibration-rotation states of the NH3-Ar 
complex. Especially, the v]0(R) and t>33(/?) terms in the anisotropic expansion of the potential appear to be important and 
it is found that optimization of a single scaling parameter in the latter term yields good agreement between the computed 
and the recently measured far-infrared and microwave frequencies of ortho and para NH3-Ar. We have computed all the 
rovibrational levels up to J = 15 and the NH3 inversion doubling of these levels. A complete theoretical far-infrared spectrum 
was generated by calculating the intensities of all the allowed transitions from a dipole function. The properties of the ground 
and excited van der Waals states and the spectra of ortho and para NH3-Ar agree well with the data available from molecular 
beam spectroscopy.
1. Introduction
In a set of two earlier papers12 we described the ab initio 
computation of an intermolecular potential surface for the Ar- 
NH3 complex and the calculation of the van der Waals vibrational 
and rotational states of this complex from that surface. At the 
time of this calculation only one internal rotor (far-infrared) 
transition3 and a few overall rotational (microwave) transitions4 
for J  = 0, 1, 2, and 3 were measured and identified. All these 
experimental data pertained to the ortho N H 3-Ar species only. 
The calculated transition frequencies and rotational constants were
(1) Bulski, M.; Wormer, P. E. S.; van der Avoird, A. J. Chem. Phys. 1991, 
94, 491.
(2) van Bladel, J. W. I.; van der Avoird, A.; Wormer, P. E. S. J. Chem. 
Phys. 1991, 94, 501.
(3) Gwo, J.; Havenith, M.; Busarow, K. L.; Cohen, R. C.; Schmuttenmaer, 
C. A.; Saykally, R. J. Mol. Phys. 1990, 71, 453.
(4) Nelson, D. D.; Fraser, G. T.; Peterson, K. L; Zhao, K.; Klemperer, W.;
Loves, F. J.; Suenram, R. D. J. Chem. Phys. 1986, 85, 5512.
found to be in rather good agreement with the measurements.
In the meantime, a few more van der Waals vibration/inter- 
nal-rotation transitions in ortho N H 3-A r5,6 and also some far- 
infrared and microwave transitions in para N H 3-A r7 have been 
observed, which inspired us to study this complex in much more 
detail. To this end we have extended the calculation of all the 
low-lying van der Waals states to rotational quantum numbers 
up to J  = 15 and we have included the inversion-tunneling of the 
N H 3 monomer by means of a simple model. Using a dipole 
function which includes the permanent N H 3 dipole as well as the 
dipole induced on Ar, we have also calculated the intensities of 
all allowed transitions. Thus, we have generated the complete 
far-infrared and microwave spectrum as a function of the mo-
(5) Zwart, E.; Meerts, W. L. Chem. Phys. 1991, 151, 407.
(6) Schmuttenmaer, C. A.; Cohen, R. C.; Saykally, R. J. Reported at the 
45th Symposium on Molecular Spectroscopy, Columbus, OH, 1990.
(7) Zwart, E.; Linnartz, H.; Meerts, W. L.; Fraser, G. T.; Nelson, D. D.; 
Klemperer, W. J. Chem. Phys., in press.
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TABLE I: Transfon
Appendix)
lation Properties of the Coordinates (See
PKD3k) a 0 <P
È a 7 0 V P
(123) a 7 0 tp -  27r/3 P
(132) a 7 0 tp +  2 t t /3 P
(23)* T -13 t  +  a t  -  7 0 P
(13)* T t  +  a T -  7 -<p -1- 2 t / 3 P
(12)* 7T t  + a T “  7 0 -ip -  2 t t /3 P
£ * X t  +  a “ 7 r  - •P -P
(123)* 7T 7T +  Of -7 7T - I? if> -  Irj'b - p
(132)* 7r - 0 7T +  a -7 7T - ip +  2 t / 3 “ P
(23) ¡3 a TT +  7 IT ~ 0 -<P ~P
(13) 0 a 7T +  7 7T - 0 -ip +  2 t / 3 -P
(12) 0 a TT +  7 7r - 0 -tp -  2 t t /3 “ P
lecular beam temperature. The results obtained are compared 
in detail with the available experimental data. Finally, we have 
investigated how the ab initio anisotropic N H 3-A r potential can 
be modified, in order to get agreement with the experimental 
spectra.
2. Theory
A. Vibration-Rotation-Inversion States. The coordinates used 
in the present paper are the same as defined in ref 2. Briefly, R 
is the length of the vector R that points from the N H 3 center of 
mass to the Ar nucleus (i.e., the dimer bond axis), d is the angle 
between the C3 axis of N H 3 and the vector R, and <p describes 
the rotation of N H 3 about its C3 axis. The angles a, 0, and y  
are the overall rotation angles of the dimer: £ and a are the polar 
angles of the vector R with respect to a space-fixed frame and 
7 describes the rotation of the dimer about R. In addition, we 
need the coordinate p, which is the N H 3 inversion coordinate as 
defined in the Appendix. The vibration-rotation-inversion 
Hamiltonian can be written as
H  = H + Hinv vdW (i)
where
£ inv(p) =  U p )  +  Kinv(p) (2)
= L-4x(p)Â2 +
x 2 n R 2
h 2 32
[ P + j 2 -  2j J] -
R +  Vm( R j ,v ,p )  (3)
/ / inv is the inversion Hamiltonian of the N H 3 monomer which 
depends only on the internal coordinate p. The expression for the 
kinetic energy T(p) is given by Papousek and Aliev;8 the potential 
Kinv(p) is the well-known double-well potential of N H 3 with an 
inversion barrier of about 2000 cm"1.8
The Hamiltonian w describes the van der Waals vibrations, 
internal rotations, and overall rotations of the A r-N H 3 complex. 
It has essentially the same form as given in ref 2 . Only the 
dependence of the rotational constants Ax (X = x, y y z) of N H 3 
and of the intermodular potential Kint on the inversion coordinate 
p is now written explicitly. The operator j is the angular mo­
mentum of the NH 3 monomer with respect to the embedded dimer 
frame2 and J is the overall angular momentum of the dimer. Exact 
quantum numbers are J and A/, i.e., the total angular momentum 
and its space-fixed z component. An approximate quantum 
number is the helicity Œ which is the component of both J and 
j along the vector R. The only terms in H that couple functions 
with different ft are the small off-diagonal Coriolis interactions2 
contained in the operator yJ /2 ^R 2.
The molecular symmetry group of the inverting N H 3-Ar 
complex described by the Hamiltonian ( 1) is the permutation- 
inversion group PI(£>3a) (see Tables I and II and the Appendix). 
The ortho states with A2' and A2" symmetry combine with the 
proton spin quartet and have spin statistical weight 12, since the
(8) Papouîek, D.; Aliev, M. R. Molecular vibrational-rotational spectra;
Elsevier: Amsterdam, 1982.
nitrogen nucleus has spin 7 = 1 .  The para states with E' and E" 
symmetry combine with the proton spin doublet and have weight 
6 and the A,' and A / ' states are Pauli forbidden. Since the dipole 
moment function (see section 2B) is of symmetry A /', the allowed 
infrared and microwave transitions are A2' ♦♦ A2" and E' E".
In ref 2 we have described calculation of the eigenstates of w 
for fixed p = pc, i.e., for a rigid NH3 monomer. We denote these 
eigenstates as We plan to extend this cal­
culation in order to include the motion along the p coordinate in 
full detail. At present, we estimate the effects of the NH3 inversion 
by an approximate model which requires only the knowledge of 
the eigenstates ^i}w(/?,0,^,7Aa). In order to understand this 
model one should realize that the motion along the p coordinate 
involves two processes with vastly different time scales. The first 
process is the v2 umbrella vibration with fundamental frequency 
950 cm-1.8 This vibration is an oscillation in one of the two wells 
of Vmv(p) with ground-state wave function / 0(p). Since this vi­
bration is much faster than the van der Waals motions of the 
A r-N H 3 dimer it is justified to average Ax(p) and Kint in eq 3 
over the function/0(p). And, since f 0(p) is rather localized around 
the equilibrium value p = pc, the calculation of the van der Waals 
states may also be performed for fixed p = pc (as we have actually 
done).
The second type of motion in the coordinate p is the inver- 
sion-tunneling of NH3. In the free N H 3 molecule this tunneling 
between the two wells in Vmw(p) is taken into account by the wave 
functions
A(P) = T77;(£ ±  £*)/o(p) = T7^[/o(p) ±/o(-p)J (4)21/2 2>/2
A  A
where E is the identity and E* represents inversion of the system. 
The energies that correspond with these'wave functions are E0 
± A, where
*0 = (Ao(p)|^ inv(p)Ko(p)) 
is the zero-point energy of the i>2 vibration and
A =  (Mp)|//inv(p)l/o(-p)>
(5)
(6)
is the tunneling matrix element. The tunneling frequency in free 
N H 3 is 2|A| = 0.8 cm“1.
This tunneling frequency is considerably lower than the fre­
quencies of the van der Waals vibrations and internal rotations 
in A r-N H 3 which are typically ^20 cm-1. Therefore, we may 
start with the “localized” wave functions ,<¿>,7 ,/?,a)
which are adapted to the symmetry group P l iQ J .  Subsequently, 
the inversion-tunneling in the A r-N H 3 complex is included by 
the adaptation of these wave functions to PI(Z)3A), which is the 
symmetry group of the inverting complex (see the Appendix). The 
resulting vibration-rotation-inversion wave functions are
1
2 \/2 / o(p ) ±
Ê * W % ( W ^ 7 M M p))] (7)
and the corresponding energies are 
E± = < ** |£ in, +  t fvd w|¥*>
= E0 ±  < ^ ( J ? , t f , ^ 7 A a ) | £ * | ^ ( J « ftf,^7A «)>A  + 
( * v d w ( ^ * < A 7 A a )  /o ( p ) |^ v d w |^ v d w ( ^ » ^ ^ » T A « )  /o (p )>  ±  
( V i j b i R J 7 .0 ,a )  f 0( p ) \ H ^ E * \ ^ U R ^ y A c t )  f 0(p))  
(8)
In writing the first two terms we have used that H^  depends only 
on the monomer coordinate p and we have substituted eqs 7, 5, 
and 6 . The third term in eq 8 is the energy of the van der Waals 
vibrations and rotations of the Ar-NH 3 complex EJV which we 
have calculated with the assumption that / 0(p) is localized at p 
= pc (as discussed above). The fourth term can be neglected with 
respect to the second term, because the overlap distribution / 0(p) 
/ 0(-p) is very small and the monomer Hamiltonian # inv, which 
occurs in A, is much larger than Aydw* F°r instance, the potential 
Kinv(p=0) is about 2000 cm-1 relative to Kinv(pe), while the cor-
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Properties of Angular Basis
effect on basis
Ê
(123)
(132)
(23)*
(13)*
¡ p .
(123)*
(132)*
(23)
(13)
( 12)
\ jkQJM)
cxp(2n'A:/3) [jki lJM) 
exp(2-iri*/3) Ijki lJM)
(-)y+* Ii -k-QJM)
(-)J*k exp(2«*/3) Ii -k-QJM)  
(-)/+* exp(-2T/Jt/3) [j-k-QJM)  
(-)/+/+» [j-k-QJM)
(-) '+' +‘ exp(2T/*/3) [jk-UJM) 
(-)J+* k exp(-2x/A:/3) \ jk-QJM)
(-VIj k-QJM)
(-y exp(2iri*/3) \ j - k t t j M)
(-V exp(2xi'A:/3) \ j -kVJM)
responding difference in Kinl is only of the order of 20 cm' 1 (see 
ref 1).
In ref 2 we have described the calculation of the wave functions
=  L  cjk a „[jküJMn )
jkttn
(9)
in terms of the basis
\jkQJMn) =
(2j +  1)(1/ + 1)11/2
32ir3
Djft(0 , t M *  7 )* R-'xJIR)
( 10)
which consists of Wigner rotation functions9 and radial basis 
functions R~'x„(R).'° Operating with E* on this basis (see Table 
II) and using its orthonormality, we derive a simple expression 
for the second term in eq 8 . The combination of these results 
yields, according to our model,
e ± ~  e 0 + # dW ± [ ( - o '  l  ( - î y ^ ^ ^ A
JkQn
(ID
The implication of this expression is that the rovibrational states 
of A r-N H 3 are split by inversion-tunneling. The splittings can 
be simply calculated from the expansion coefficients of the van 
der Waals states, eq 9. If these states are free internal rotor states, 
i.e., if j  and k are good quantum numbers so that the summations 
in eqs 9 and 11 run only over ft and n, then it can be shown that 
the splittings obtained from eq 11 are equal to the splittings 2|A| 
in free N H 3. In reality, states with different j  and k are mixed 
by the anisotropic potential Kint and the splittings are reduced. 
If we neglect the (small) Coriolis coupling, then the state in eq 
9 is labeled by ft and the summation is restricted to this value 
of ft. The eigenvectors for the states with positive ft have zero 
components with - f t  and vice versa, so that eq 11 yields a vanishing 
splitting. The reduction of the inversion-splitting in A r-N H 3 is 
caused by the asymmetry induced in the NH3 double-well potential 
by the presence of the Ar atom. In our model this asymmetry 
is reflected in the coefficients of the wave functions in eq 9. 
Permutation symmetry is important too: in the ortho species the 
wave functions must contain an equal weight of ft and - f t  basis 
functions, whereas in the para dimers these basis functions belong 
to different subspecies. Moreover, we find that in ortho NH3-Ar 
only one of the states in eq 7 is Pauli allowed, just as for free NH3. 
For the states of A, symmetry in PI(C3o) this is which is of 
A2" symmetry in PI(Z)3A); for the A2 states it is >£+ which is of 
A2' symmetry (see the Appendix). So in ortho N H 3-A r one 
cannot observe splittings of the states due to inversion-tunneling, 
but only shifts.
B. Transition Intensities. In order to compute the transition 
intensities we need an analytic form of the dipole surface. The 
space-fixed spherical components of the dipole function can be 
expanded in the same angular basis as the wave functions (cf. eq 
10)
(9) Brink, D. M.; Satchler, G. T. Angular Momentum’, Clarendon: Ox­
ford, U.K., 1968.
(10) Tennyson, J.; Sutcliffe, B. T. J. Chem. Phys. 1982, 77, 4061; 1983,
79, 43.
Hm = T.d^,(R) D%>(0,<},<?)• DO>(aAyr (m = 0 ,± l )  (12)
Ajxr
Writing Qlx) for the spherical components of the 2xzpole on NH3 
expressed in a body-fixed N H 3 frame (the frame fc of the Ap­
pendix) and using the transformations (A5) and (A 16), we find 
for the permanent dipole on N H 3
(13)
The 2x-pole on NH3 yields an electric field F(r), which expressed 
in the dimer frame is
fd i mer( r ) =  -V„K(r) =  - V . E f i P V ^ ' W )  (14)
k
where C^ x)(r) is a spherical harmonic function in the Racah 
normalization. The components of the 2x-pole in the dimer frame 
are connected to the body-fixed components by
Qlx) = £Dg>(y , W  <2ix) (15)
By the use of the gradient formula9 followed by substitution of 
C\x)(0,0) = 6*0, we find that the field /^ Imcr at the position (0,0,/?) 
of the argon atom is
f f"* (0 ,0, R) =
( - l ) U vtl[(X + 1)(2X + \ ) (2 \  + 3)] 1/2/ ^  + 1Vo
X
V
The expression in large parentheses is a Wigner 3j  symbol.
Rotation from the dimer frame to the space-fixed frame and 
transferral of ein from one D matrix to the other yields an ex­
pression for the space-fixed components of F at the position of 
argon in the required form of eq 12. So, we have for the argon 
dipole induced by the 2x-pole on N H 3
v w  =
(-1 )U vtl[(X + 1)(2X + 1)(2X + 3)]
1/2/ X + 1
Vo
x
V
where a Ar is the dipole polarizability of Ar.
For randomly oriented dimers which obey a Boltzmann dis­
tribution law with temperature T the integrated absorption 
coefficient for the transition between the spatially (M  and M 0 
degenerate levels labeled by JJ and J\V  is given (in SI units) by11
^VA gi
3 h V Z
(E %  -  EUw) X
[exp( -E ifa /k T )  -  e x p { -E % /k T )]S J  (18)
where Z is the partition function
Z = £ g , ( 2 / +  1) exp(-£Sfw/*7) (19)
J.i
Here g, is the nuclear spin statistical weight (g, = 12 for all ortho 
levels, gj = 6 for the para levels) and NA is Avogadro’s number.
If we use eq 12 for the dipole moment pm, eqs 9 and 10 for the 
wave functions \JMi) = ^dw(/?,t?,<p,7 ,/3,a), and the Wigner- 
Eckart theorem for eliminating the summations over M , A/', and 
m, we arrive at the following formula for the line strength
/
i j /  = Z 1 (j’m'ï  1 m, 1 jmí) i2 =
MMm
(2/ + 1)(2/ + 1) I  I  I ( - l ) ‘ [(2; + l)(2/ + l)]1/2 x
jk£hi fk U 'n ' Xfiv
J  ÀcjW S C JjÍ f ¿ ir]Xl¿R) \ d ^ ( R ) \ R - \ m  x
X
(20)
(11) McQuarrie, D. A. Statistical mechanics', Harper & Row: New York, 
1976.
(12) Marshall, M. D.; Muenter, J. S. J. Mol. Spectrosc. 1981, 85, 322.
which is easily evaluated. Applying eqs 18-20 with the corre­
sponding transition frequencies obtained from eq 11 for rotational 
quantum numbers up to J  = 15, we have generated the complete 
P, Q, and R branches for each van der Waals transition. For the 
transitions in para N H 3-Ar the calculated absorption coefficients 
are distributed equally over the two allowed components E' -► 
E" and E" —* E' which are split by inversion-tunneling.
3. Computational Aspects
In order to perform calculations of the eigenstates in eq 9 which 
are accurate and yet computationally feasible for rotational 
quantum numbers as high as J  = 15, we had to follow a procedure 
which is slightly different from that in ref 2. We use seven radial 
basis functions (nmax = 6) of the Morse oscillator type10 and 
angular basis functions up to ymax = 9 inclusive. In the basis of 
eq 10 the only terms that connect the blocks with different ft in 
the Hamiltonian matrix are the small off-diagonal Coriolis in­
teractions. When neglecting these interactions we have to solve 
a secular problem of dimension <700 for each value of ft (which 
is a good quantum number at this level). Next we take all the 
bound eigenstates plus a number of eigenstates with positive 
energies (up to about +80 cm-1 for ortho NH3-Ar and about +30 
cm“1 for the para species) from the secular problems with ft =
0, ± 1, and ± 2  and we solve the secular problem in this basis in 
order to include the off-diagonal Coriolis interactions. These 
interactions couple blocks with Aft = ±1 only. This procedure 
has to be repeated for all values of J  < 15 and for the different 
symmetry species (ortho/para). We have checked that the om­
ission of basis states with |ft| > 2 and energies larger than about 
+30 cm-1 does not affect the van der Waals levels presented in 
this paper to more than 5 X 10~5 cm-1. The convergence of the 
rotational energy differences is better by an order of magnitude, 
as in ref 2. The inversion splittings or shifts of the final eigenstates 
are calculated from eq 11 and the intensities of all the allowed 
transitions between these eigenstates from eqs 18-20. In the dipole 
function (12) we have included the permanent dipole of N H 3, eq 
13 with Q^l) = -0.579 ea0,]1 and the dipole moment induced on 
Ar (polarizability crAr = 11.06 fl03) 13 by the dipole and quadrupole 
of N H 3 2) = -2.45 ea02).'4 For the inversion-splitting pa­
rameter of free N H 3 we have taken the experimental15 value A 
= -0.397 cm-1 which belongs to j  = 0 and k  = 0. The values of 
A for the N H 3 monomer states with j  = 1 and k  = 0 or k  = ± 1, 
which are strongly present in the lowest excited van der Waals 
states, are not very different (by less than 0.005 cm-1).
4. Results and Discussion
A. The Anisotropic Intermolecular Potential. The ab initio 
potential for Ar-NH3, which was calculated in ref 1 (for different 
values of p) and used in the computation of the rovibrational states 
in ref 2 (for p = pc), was expanded in normalized tesseral har­
monics (real spherical harmonics) 5 /m
K , S j m(t?,<p) (21)
lm
Due to the symmetry of the dimer (see Tables I and II and the 
Appendix) only terms with m -  0, 3, 6 , ... are present in this 
expansion. In ref 1 it was found that the expansion has converged 
to about 0 .6% accuracy by the inclusion of the 15 terms with / 
< 7 and m < 6 . The parameters which determine the long-range, 
dispersion and induction, and exponential short-range, exchange 
and penetration, contributions to the vtm(R) are tabulated in ref
1. In Figure 1 we show the dominant terms (for p = pc). The 
isotropic potential (47r)’ 1/2i;00(/?) has its minimum at R = 3.88 
A. The largest anisotropic contributions arise from vl0(R) and 
u33(/?). The latter contribution is the first ^-dependent term in 
the potential and it gives rise to the global minima at <p = 0°, 120°,
Vibration-Rotation-Inversion Spectrum of A r-N H 3
(13) Levine, H. B.; Birnbaum, G. J. Chem. Phys. 1971, 55, 2914.
(14) Kukolich, S. G.; Casleton, I. Chem. Phys. Lett. 1973, 18, 408.
(15) Townes, C. H.; Schawlow, A. L. Microwave spectroscopy; McGraw- 
Hill: New York, 1955.
The
and 240° (see Figure 2 of ref 1, but note that $  = tt -  <p, see eq 
1 of ref 1.
When ref 2 was written only a few ground-state properties had 
been determined from microwave spectra4 and a single internal 
rotor transition3 had been measured. Our calculated ground-state 
rotational constant and expectation values are in fairly good 
agreement with experiment. The van der Waals “bending” ex­
citation frequency was calculated to be 24.09 cm-1 (band origin) 
and found experimentally3 at 26.47 cm-1.
Two additional van der Waals excitation frequencies have now 
been measured5*6 for ortho N H 3-Ar, as well as the transitions 
between the three lowest internal rotor states of para N H 3-Ar 
and the inversion splittings of these states.7 The levels computed 
in ref 2 do not agree with these new experimental data. In 
particular, we notice that the calculated splitting (3.1 cm-1) be­
tween the two states of ortho N H 3-Ar that correlate with the 
degenerate j  = 1, k  = 0 free internal rotor states is considerably 
smaller than the observed splitting (10.1 cm-1). For the levels 
that correlate with the j  = 1, 1*1 = 1 free internal rotor levels in 
para N H 3-Ar, the calculations in ref 2 predict that a state with 
|f t |=  1 is the ground state of this species, while the experiments 
show that the ft = 0 level is slightly below this |ft| = 1 level.
In order to establish the origin of these discrepancies we have 
first calculated the rovibrational levels with the isotropic potential 
together with each of the anisotropic contributions separately. We 
found that the effects of the individual anisotropic terms are nearly 
additive and that the y10(R) and v33(R) terms are dominant in 
determining the splittings between the hindered rotor levels. For 
the v33(R)  terms this seems somewhat surprising, since the j  = 
1 levels of N H 3 are not split or shifted by this term in first-order 
perturbation theory. We observe, however, that the mixing be­
tween internal rotor states with different j  values has a substantial 
(second order) effect on the hindered rotor energies. Next, we 
have experimented by scaling the vXQ(R) and v^{R)  terms. 
[Actually, we have also tried to scale the v10(R) term which is 
used7 in interpretations of the experimental data. Without ex­
cessive scaling this term had very little influence on the van der 
Waals levels, however.] By scaling v^(R) with a single parameter, 
close agreement with the experimental frequencies was obtained. 
Since the experiments are clearly probing the repulsive region of 
this term (cf. Figure 1), it was irrelevant whether we scaled the 
complete v33(R) term or just the repulsive short-range contribution 
(although the optimized scaling factors are somewhat different). 
Multiplication of the short-range parameter F33 (see ref 1) by 1.43
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Figure 1. Expansion coefficients (cf. eq 21) of the anisotropic potential 
from ref 1 (without scaling in u33).
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Figure 2. (a, top) Calculated and experimental van der Waals levels 
(band origins) of ortho N H 3-A r. The leftmost column is obtained from 
the isotropic potential (47t)_,/2i;00(/?); j  and k are exact quantum numbers 
at this level, vt is the R-stretch quantum number. The second column 
shows the effect of the i>,0 term, the third column the cumulative effect 
of the (scaled) u33 term, and the fourth column the effect of the remaining 
anisotropic contributions. The quantum number |iî| is approximate. The 
fifth column includes the inversion-tunneling splittings from eq 11 and 
the last column contains the experimental frequencies from refs 3, 5, 6, 
and 7. The dashed levels in the inversion doublets are Pauli forbidden. 
The arrows indicate calculated and measured transitions, with the ground 
level adjusted, (b, bottom) Calculated and experimental van der Waals 
levels of para N H 3-A r.  See part a for the explanation. The inversion 
splitting of the |iî| = 1 states is so small that it is not visible on the scale 
of this figure. The transition between the two inversion-split states of the 
= 0 level has not been calculated, since we do not expect our inver­
sion-splitting model to yield reliable intensities for this transition.
yields the energy levels displayed in Figure 2, a and b. Specifically, 
we find that the splitting between the j  = 1, k = 0 free-rotor states 
in ortho N H 3-A r is now 10.0 cm-1 and that the levels which 
originate from the j  -  1, |/c| = 1 free-rotor states in para NH3-Ar 
are ordered correctly with nearly correct splittings. The effects 
of the various anisotropic terms in the potential on the van der 
Waals levels are illustrated in Figure 2, a and b, where we con­
secutively switch on these terms. Finally, we have also calculated 
the inversion-tunneling splittings of the levels from eq 11. The 
results of these calculations are shown in Figure 2, a and b, 
together with the measured excitation frequencies. Keeping in 
mind that we have optimized only a single parameter, we consider
TABLE III: Rotational Level Fit Parameters for the Different van 
der Waals States (See Eq 22)
vdW symmetry origin E°J, rotatnl const distortn coi
state i even/odd J cm"1 Bh G H z Dh kHz
ortho
0 0 a 2" / a 2'
A 2" / A 2'
-87.640 2.970- 128°
la 1 -71.090 2.980* 164*
lb 1 A 2' / A 2"
A2" / A 2'
a 27  a 2'
-71.090 3.027c 128c
2 0 -61.107 2.737 ' 122'
3 0 -56.311 2.819 93
para
?rOala E ' /E " -77.483 3 .0 2 y 124^
Ob
lb ?r
1
E 'V E ' -77.132 3.023' 125*
M  V
2a E ' /E "
E 'V E '
-67.762 3.015 137
2b 1 -67.762 3.016 134
a Experimental values: B = 2.8769 (1), D =  86.4 (3),3 B = 
2.8768 49 (2), D = 88.7 (2),4 and B =  2.876 84 (2), D =  88.7 (3).s 
b Experim ental values: B = 2.801 95 (2), D =  90.5 (4).5 
c Experimental values: B = 2.890 71 (2), D = 87.1 (3).5 
d Experimental values: B = 2.822 9 (2), D = 102.3 (5).3 eThese states 
lie so close that they are heavily mixed by Coriolis interactions and, 
thus, cannot be fitted by eq 22 (see text). The quantities given are the 
arithmetic averages over the two states. f  Experimental values: B = 
2.881 046 (5), D = 95.8 ( l ) . 7 s Experimental values: B =  2.872722 
(4), D = 100.5 ( l ) .7
the agreement with experiment to be good and the resulting 
anisotropic potential to be realistic. In all subsequent calculations 
we have used this potential.
B. Calculated Excitation Spectra and Observables: Comparison 
with Experiment. For each of the van der Waals vibration/in- 
ternal-rotation states shown in Figure 2a,b we have calculated 
the rotational levels up to J  = 15 inclusive. These levels were fitted 
by the expression
EJJ = E0'1 + BiJ{J + 1) -  Z W  + l )2 +  H J \ J  + l )3 (22)
and the coefficients E °\ Bh and D( in this expression are given 
in Table III. For the levels with the approximate quantum 
number |Q| = 1 the rotational ladders start at J = 1. Paren­
thetically, we remark that our quantum number Q is sometimes 
designated by K and that the states with ft = 0 and |i2| = 1 are 
called 2 and n  states, respectively. The van der Waals states of 
the ortho and para species are labeled separately by / = 0 , 1, 2, 
..., where i = 0 denotes the ground level. The ortho levels la and 
lb are split by off-diagonal Coriolis interactions, but their origins, 
i.e., the extrapolated 7 = 0 levels, are the same. As shown in Table 
IV, the para levels / = 0, 1, and 2 are split into doublets Oa and 
Ob, la and lb, 2a and 2b by the inversion-tunneling of N H 3. For 
the Q = 0 levels Oa and Ob this tunneling splitting is about 90% 
of the NH3 monomer splitting, but for the levels with |fi| = 1 the 
splitting almost vanishes. If fi were a good quantum number this 
splitting (as calculated from eq 11) would vanish exactly, since 
the degenerate components of these states (with E symmetry) 
would correspond with Q = +1 and with 12 = -1, respectively. The 
small splittings =
0 basis functions into these states, through the off-diagonal Coriolis 
interactions. This explains why the splitting (%10-2 cm-1) between 
the levels la and lb, which lie very close to the Q = 0 levels Oa 
and Ob, is considerably larger than the splitting (^lO -4 cm-1) 
between the levels 2a and 2b which lie much higher. It also 
explains why the small tunneling splittings of the |ii| = 1 states 
are found to be proportional to J{J + 1), whereas the splitting 
of the ft = 0 state is only weakly J  dependent. Another conse­
quence of the strong Coriolis mixing between the Q = 0 levels Oa, 
Ob and the |ft| = 1 levels la, lb is that the individual levels cannot 
be represented by eq 22. Only the sums of these level energies 
can be fitted (see Table III), but their differences depend sen­
sitively on the Coriolis coupling.
In Table IV we have listed some radial and angular expectation 
values calculated for the different van der Waals states. Note 
that the rotational constants which are calculated as expectation 
values B = ( h 2/2^iR2) over the lowest allowed rotational level
10 3 cm"1 are caused by the admixture of =
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TABLE IV: Energies and Expectation Values of the Dimer Bond Length (R ), of the Rotational Constant B  = ( h 2/ 2 n R 2)f and of the First and 
Second Legendre Polynomials (P ,(cos t?)) and (P 2(cos t?)) for the Lowest Level in Each Ladder, and the Related Quantities R 9 = (R~2)~l/\
= arccos (P ,(cos tf)) and tf2 = arccos [V3(2 (P 2(cos «*)> + I)l,/2
vdW 
state /
lowest 
J value energy,® cm-1 <*>, A
B, GHz
(*o. A)
(P,(cos 0))  
(«>i. deg)
(P2(cos 0))  
(tf2. deg)
ortho
0 7 = 0 -87.943 67 (+0.303 92) 3.786 2.983 0.325* -0.052f
(3.767) (71.0) (56.9)
la J = 1 -70.543 81 (-0.347 28) 3.745 3.048 0.186 -0.232'
(3.726) (79.3) (65.0)
lb J = 1 -70.540 56 (-0.347 37) 3.745 3.048 0.186 -0.232'
(3.726) (79.3) (65.0)
2 7 = 0 -61.41945 (+0.31263) 3.983 2.743 0.044 -0.037e
(3.928) (87.5) (56.2)
3 7 = 0 -56.052 10 (-0.258 81) 3.921 2.787 0.079 0.290
(3.897) (85.5) (43.5)
para
Oa/Ob 7 = 0 -77.796 86 (±0 .35090/ 3.717 3.092 0.174 -0.250
(3.700) (80.0) (65.9)
l a / l b 7 = 1 -76.605 41 (±0.004 0 9 / 3.767 3.012 0.425 -0.009
(3.749) (64.8) (55.1)
2a / 2b 7 = 1 -67.561 10 (±0 .00003 / 3.739 3.060 0.048 -0.217
(3.719) (87.2) (64.3)
Dlis interactions included; the additional tunneling shift from eq 11 is given in parentheses. * Experiment:4 the value (P^cos tf)) = 0.17 (t?
= 80.2°) is obtained by correction of the experimental value of 0.191 for the induced dipole moment given by eq 17. c Experiment:3,4 (P2(cos t?)) 
= -0.086 (i?2 = 58.3°). 'Experiment:5 {P2(cos t?)) = -0.221 (t?2 = 64.5°). 'Experiment:3 (P2(cos t?)) = 0.069 (t?2 = 52.0°). f Experiment:7 
±0.389 89, ±0.007 08, and ±0.000 80, for / = 0, 1, and 2, respectively.
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Figure 3. Rotational branches of the lowest (/' = 0 -► 1) van der Waals 
(internal rotor) |Q| = 0 —► 1 transition in ortho N H 3-A r as calculated 
for T = 5 K (intensity in 1010 m2 s_I mol-1). Cl)
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Figure 4. Rotational branches of the (i = 0 -* 2) van der Waals (internal 
rotor) |fi| = 0 -*• 1 transition in para N H 3-A r as calculated for T = 5 
K (intensity in 1010 m2 s' 1 mol"1). The two windows contain the spectra 
for the allowed (E' E") transitions between inversion doublets (see 
Table V).
(i.e., J  = 0 or J  = 1) of each state are different from the values 
of B in Table III which were obtained from the fit of all rotational
Figure 5. Rotational branches of the (i = 1 -*• 2) van der Waals (internal 
rotor) |ii| = 1 —► 1 transition in para N H 3-A r as calculated for T  = 5 
K (intensity in 10'° m2 s' 1 mol-1). The two windows contain the spectra 
for the allowed (E' ♦♦ E") transitions between inversion doublets (see 
Table V).
levels with J < 15 by eq 22. This difference is caused by the 
Coriolis shifts of the rotational levels, as explained in ref 5. These 
Coriolis shifts explain, in particular, why the levels la and lb of 
ortho N H 3-A r have different effective B values (see Table III) 
although the expectation values B in Table IV are the same.
In Figures 3, 4, and 5 and in Table V we have displayed the 
results of the intensity calculations. A molecular beam temper­
ature of 5 K has been assumed,3,5,7 but it is easy to generate the 
spectra for any other temperature (although, of course, for high 
temperatures they would no longer be complete). The intensities 
for the ortho and para N H 3-Ar species have been calculated 
separately and it has been assumed that these species are present 
in the ratio 2:1, as determined by their nuclear spin statistical 
weights. In fact, this ratio will depend on the kinetics of the dimer 
formation, which occurs somewhere between room temperature 
and 5 K. The binding energy with respect to the monomer ground 
states, which is slightly larger for the para than for the ortho 
complex, might play a role in this formation. It follows from Table
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TABLE V: Transition Frequencies and Intensities
intensity," 1010 m2 s_1 mol-i
ortho 
0 - 
0 - 
0 - 
0 - 
para 
0a 
0a 
Ob 
Ob 
0a 
Oa 
Ob 
Ob 
la 
la 
lb 
lb
transition
!b) 'ai = 
2 |fi| = 
3 |Q| =
band origin, cm-i P(2) Q(2) R(2)
0 — 1
0
0
0
0
!ab}
l a )  W  
lQl
Lb} w
2b} I«'
LbI '«I
= 0 — 1
= 0 — 1
= 0 — 1
= 0 — 1
= 1 —  1
= 1 —  1
(16.415)* 77.59 (85.09) 412.33 (450.35)
359.54 (390.38)
(26.47 l)c 14.12 (12.82) 18.40 (16.30)
(34.318)' 186.09 (158.83) 252.54 (21 1.78)
(1.531)' 0.13 (0.13) 0.87 (0.93)
1.02 (1.16)
(0.737)* 0.01 (0.0 1 ) 0.19 (0.21)
0.42 (0.48)
(8.215)" 3.97 (4.30) 20.61 (22.32)
17.35 (18.80)
(7.434)" 3.01 (3.26) 15.67 (16.96)
13.27 (14.37)
(6.700)" 0.10 (0.10) 0.50 (0.54)
0.43 (0.46)
(6.683)" 0.09 (0.10) 0.49 (0.53)
0.42 (0.46)
flIn parentheses: the intensity contribution from the permanent dipole. The Hônl-London factors16 for these transitions are P(2):Q(2):R(2) 
2:0:3 for Q = 0 — 0; 1:5:4 for |Î2| = 0 — 1; 9:5:16 for |6 | = 1 — 1. * Experiment.5 cExperiment.3 dExperiment.6 "Experiment.7
V that the absorption intensities are dominated by the permanent 
dipole on N H 3. The contributions from the dipole moments 
induced on Ar are only about ±10%. We do not show the figures 
with the spectra for the “bending” (/ = 0 — 2) and “stretch” (z 
= 0 — 3) transitions in ortho N H 3-Ar since these spectra are very 
simple. They contain P and R branches of nearly equal intensities 
and no Q branches, and they look like the parallel ft = 0 — 0 
bands in normal rigid-rotor spectra. The floppiness of the complex 
is reflected by a rather large increase of the rotational constant 
upon excitation and by the relatively large distortion constants. 
In the spectra of Figures 3, 4, and 5 the intensities of the R 
branches are larger than the intensities of the P branches. For 
perpendicular (|ft| = 0 — 1) bands this intensity ratio is normal; 
it follows from the Hônl-London factors16 (see Table V). These 
factors arise directly from eq 20 if one keeps in mind that ft is 
a nearly good quantum number. For the |ft| = 1 — 1 transitions 
in the para species the calculated P:Q:R intensity ratio does not 
correspond with the Hônl-London factors, however. It is closer 
to the ratio expected for |ft| = 0 — 1 transitions. This must be 
due to the Coriolis mixing between the ft = 0 states 0a, 0b and 
the |ft| = 1 states la, lb, which causes the weak |ft| = 1 — 1 
transitions to pick up intensity from the much stronger |ft| = 0 
— 1 transitions.
Finally we compare our results with the experimental data 
which are also given in Tables III, IV, and V. The van der Waals 
excitation frequencies agree to within about 10% on the average, 
the rotational constants B deviate by about 3%, i.e., the average 
distance Rq by about 1.5%, and the calculated distortion constants 
D deviate by about 40%. These results may be checked against 
the relation between the rotational constant B, the distortion 
constant Z), and the stretch frequency v%
D = 4 £ 3/ V (23)
which has been derived for diatomics.4,17 Both the calculated 
and the experimental values and also the deviations between 
calculations and experiment are consistent with this relation. Since 
the calculations of the rovibrational states are very accurate, we 
conclude that all these discrepancies result from the potential 
surface, which is thus amenable to further improvement.
We emphasize, however, that the present calculations are not 
intended to produce results of spectroscopic accuracy. They are 
meant to yield a realistic picture of the motions in this complex, 
to help with the interpretation of the spectra, and to understand
(16) Herzberg, G. Molecular spectra and molecular structure II. Infrared 
and Raman spectra o f polyatomic molecules; van Nostrand Reinhold: New 
York, 1945; p 426.
(17) Baiocchi, F. A.; Dixon, T. A.; Joyner, C. H.; Klemperer, W. J. Chem. 
Phys. 1981, 75, 2041.
the features observed in these spectra. In this respect they are 
quite successful. The nearly free internal rotor character of the 
van der Waals states is clearly exhibited (see also ref 2) and the 
angular expectation values (see Table IV) are realistic. The 
calculated changes in the rotational constant B and in the angular 
expectation value {P2{cos t?)) from one van der Waals state to 
another agree well with experiment in general. As found already 
in ref 2, the bending excitation in ortho N H 3-Ar is strongly mixed 
with the stretch excitation. It seems from the expectation values 
(R), B, and (P2(cos $)) and from the signs of the tunneling shifts 
in Table IV that the lower (z = 2) state had dominant stretch 
excitation character, while the higher (z = 3) state involves more 
dominantly the bending (internal rotor) excitation. This is contrary 
to the result found in ref 2 and it is not confirmed by the ex­
perimental data. It must be caused by the remaining imperfections 
in the anisotropic potential.
The inversion doubling of the rovibrational states in para 
N H 3-Ar and the near quenching of this doubling in the |ft| = 1 
states agree well with the spectroscopic data (see Table IV) and 
can now be understood. We find that the intensities for the 
different van der Waals bands are different by 3 orders of mag­
nitude (see Table V). The intensity ratios between the R(3) 
transitions in several bands have recently been observed.7 It is 
found experimentally that the |ft| = 0 — 1 transitions from the 
ground state (z = 0) to the la, lb states in ortho dimers are about 
30 times stronger than the |ft| = 0 — 1 transitions from the 0a, 
0b states to the 2a, 2b states in para dimers. The calculated 
intensity factor between these transitions is about 25 (cf. Figures 
3 and 4). The latter transition is observed7 to be about 15 times 
stronger than the |ft| = 1 — 1 transition from the la, lb states 
to the 2a, 2b states in para dimers, while the calculated factor 
is about 20 (cf. Figures 4 and 5). So the agreement between these 
experimental intensity ratios and our calculations is very good. 
The intensities also yield information on the mixing between the 
bending and the stretch excitations in ortho dimers. Experi­
mentally it is found that the intensity ratio between the band in 
Figure 3 and the bending transition at 26.5 cm"1 is about 2.5. 
From the present calculations and those in ref 2 we can extract 
that a pure bending excitation is much stronger than a pure stretch 
excitation. This is due to the fact that the dominant part of the 
dipole surface is independent of R , cf. eq 13, but depends on 0. 
Taking this into account and comparing the intensities of the ortho 
transitions in Table V we must conclude that the present calcu­
lations overestimate the stretch character of the lower excitation 
at 16.5 cm-1 and the bending character of the higher excitation 
at 26.5 cm '1. This conclusion was already indicated by the ex­
pectation values discussed above. Finally, we observe that the 
intensity ratios between the P, Q, and R branches of the parallel 
ft = 0 — 0 and |ft| = 1 — 1 bands and the perpendicular |ft| =
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0 — 1 bands which follow from the calculations (cf. Figures 3—5), 
agree very well with the experimental data .7 Especially for the 
|G| = 1 -*• 1 band this is gratifying since the P:Q:R intensity ratio 
for this band deviates considerably from the kinematic Honl- 
London factors, which implies that we describe the dynamics of 
this transition correctly.
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Appendix
We shall consider in this Appendix how the different coordi­
nates, introduced in the main text, transform under the molecular 
symmetry group PI(Z)3A). This group is generated by the per­
mutations of the protons in NH 3 and the inversion E*. The nuclei 
of the complex are at the points // ,,  / / 2, / / 3, N, and A (argon) 
in the Euclidean point space £ 3. The center of mass of N H 3 is 
at C and that of the dimer at D.
Consider an arbitrary orthonormal right-handed space-fixed 
frame centered at D
(Al)
With respect to this frame the point H| has the coordinate vector
Hb defined by DH{ = e{>H,. Likewise we define the coordinate 
vectors H2, H3, N, C, and A of H2, Z/3, N, C, and A. Note that
CA is collinear with DA. Inversion E* of the total system with 
respect to the mass center D maps a point P with coordinate vector 
P onto P- with
Ê* DP = DP' = ?Df(-P) (A2)
Express R, the coordinate vector of CA, in spherical polar coor­
dinates
R =
R sin ß cos a  
R sin ß sin a  
R cos ß
R = 1041 (A3)
then from Ê* : R —► -R it follows that
A
E+ :
a
ß
a  + 7i 
it -  ß (A4)
Using a  and 0 , we define a right-handed dimer frame centered
at D
3>imer = « R ,(« )  R,(0) (A5)
where Rr(a) and Ry(f3) are the usual rotation matrices representing 
rotations around the z and y  axis. In our convention, Rz(a) l2 -  
^sin a and Ry(0)3, = -sin p. The dimer frame transforms under 
È* as
= «gR,(a+T) Ry(ir-ß)
(A6 )
Here we have used the relations
Rz(tt) Ry(ir) = Rx(tt) 
Rx( t )  RJ0)  = Rv(-0)Rx(t )
(A7)
(A8)
Obviously, the dimer frame is invariant under permutation of the 
protons.
Next we define a right-handed monomer frame at C
A (2Ctf, -  CH2 -  CH3)
A (c h 2 -  CH3)
(A9)
The vectors {fxJy) span the two-dimensional irrep E of the per­
mutation group S 3 C  PI(Z>3A) and f z spans the antisymmetric 
representation A2 of this group. For the generators (123) and 
(23) we have therefore
(123)/c = / A ( - 2 i r / 3 )  
(23)?c = f c * x W
(A10)
(Al l )
with fc  = (fxJyJ:). In order to consider the effect of E*  on ?c, 
we first observe that this frame is invariant under a change of 
origin, e.g.
fy = -  (CH2 -  C //3) =
-  (CD + DH2 - C D -  DH3) = -  (DH2 -  DH3)
so that fc  =  fD and
Ë '!tc = E %  = ?oRz( t )  = ?cRz( t ) (A12)
The frame fc  is not necessarily orthonormal. In the case of an 
ammonia molecule with C3o point group symmetry, which we 
obtain by imposing the constraints
C H r C H j - h 2 cos M l  - 5 , ) ] ,  i.y = 1 , 2 ,  3 (A13)
the frame is orthogonal, however, and the^basis vectors can be 
normalized. The normalization factors of f x and f y are equal, so 
that the permutation properties of the frame are not affected by 
normalization. From here on we assume that NH3 has point 
group symmetry, i.e. f z is the 3-fold axis, and that the frame fc  
is orthonormal.
We define the NH3 inversion coordinate p as the inner product 
of two collinear vectors
= CN'f: (A14)
Since CN is invariant under permutations of the protons, p inherits 
its permutational properties from f z\ i.e., p transforms as A2 of 
S3. In order to consider the effect of £*, we evaluate the inner 
product of eq A 14 in the space-fixed basis at D
CN = DN -  D ?  = ?Df( N-C) (A 15)
and, since f z is invariant under translation as well as under inversion 
(cf. eq A 12), we find E* : p -p. The Euler angles of NH 3 with 
respect to the dimer frame are defined by the relation
(A16)
which is possible due to the fact that both frames are orthonormal 
and right-handed. From eq A16 follows
fx  ~  eD
sin -d cos y 
sin -d sin y 
cos "Ô
(A 17)
so that the Euler angles 0 and y  are the polar angles of the 
symmetry axis f z with respect to the dimer frame.
In order to determine the behavior of the Euler angles under 
the molecular symmetry group, we consider first (using eqs A 12, 
A 16, and A6)
f o R M  = Ê*fD 
= R ,(y ) R /t? ')  Rj(V) (A18)
where 7 ', <?', and <// are the transformed Euler angles. From eq
5422 J. Phys. Chem. 1991, 95, 5422-5426
A18 and by the use of eqs A7 and A8 (and the corresponding
equations with x, y , and z permuted), we find
% = 3>imcrR,(-V) R/TT-tT) Rr(<0 (A 19)
Since Euler angles give a unique parametrization of an orthogonal 
matrix we may conclude that
(Y -yA — ► 7i -  d  (A20)
<P <P
In the same manner by eq Al l ,
foRx( tt) = (23)fD (A21)
= ^ im"RI(y ) Ry(«n R,(*0
whence
rY —  y
(23) : j  fl —  K + d  (A22)
[<p —  7 l - ( p
The effect of the other generator (123) on the Euler angles follows 
from eq A 10, and the effect of the other symmetry operations by 
group multiplication. The results are summarized in Table I.
Note finally that there is freedom in representing the effect of 
the symmetries on the Euler angles. For instance, (23) may 
alternatively be given as (cf. eqs A22, A7, and A8),
R?( t )  R /tt+ i? ) R2(tt tp) =  Rx(7 ) R / t t )  R / t f )  Rz(tt) Rr(-<p) 
= R2(7 ) R2(tt) R , ( t )  Ry(-0)  Rr(-<p) =
Rr(7T+7) R /tt-i?) R2(-<p) (A23)
The last possibility is given in Table I.
Table II follows from Table I by writing
D <l<a.„a ,2,a,3)* = (A24)
and the use of the well-known properties of the Wigner d func­
tions.9 Furthermore, we define for all group elements P in PI(Z)3A) 
a corresponding operator by
Pty(Ryd,<p,y,P,a) = ^ ( ^ ' |  7?,t9,v?,7,fta|) (A25)
In ref 2 we gave the linear combinations of basis functions adapted 
to PI(C3t;). Those adapted to PI(Z>3A) are easily obtained by the 
following relations
(E + £*)|A,> = |A,'> (E -  £*)|A,) = |A2">
(E +  £*)|A2> = |A2') (E -  E*)|A2) = |A,">
(E +  E*)\E) = |E') (E -  £*)|E) = E"> (A26)
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Resonances In Valence Shell Photolonizatlons of Cyanogen. Photoelectron Angular 
Distribution Parameters of the X2IIg, A22g, B22„, and C2n u Ionizations up to a 
Photon Energy of 28.5 eV
Jürgen Kreile, Heinz-Dieter Kurland, Werner Seibel, and Armin Schweig*
Fachbereich Physikalische Chemie, Universität Marburg, Hans-Meerwein-Strasse, 3550 Marburg, Germany 
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Photoelectron angular distribution parameters for the first four valence shell photoionizations of cyanogen, for the first one 
also vibrationally resolved, have been measured by using synchrotron radiation. Compared to earlier measurements, the 
present ones refer to an extended energy range (14.3-28.5 eV) and are more accurate and precise. Resonance features are 
discussed with regard to former experimental and theoretical findings and, in particular, to contradictory theoretical results. 
Thus, our measurements provide evidence for the presence of a ttu shape resonance in the A22 * ionization, only predicted 
by a former frozen core Hartree-Fock calculation, and a strong 7rg shape resonance in the B22j ionization, only supported 
by our multiple-scattering Xa calculations. In addition, our measurements reveal a distinct minimum around a photon energy 
of =5=20 eV in the A22g distribution vs photon energy curve which was not discernible in earlier experimental data.
Introduction
High-resolution angle-resolved photoelectron spectroscopy 
coupled with a variable-energy photon source allows detailed 
studies to be made on the photoelectron dynamics of molecules 
incorporating such phenomena as shape resonances and au­
toionization processes.1-3 Both types of phenomena give rise to 
distinct features in molecular photoionization such as rapid 
variations in photoelectron angular distributions, enhancements 
in cross sections, and non-Franck-Condon effects in vibrationally 
resolved spectra.1 *2 Precise measurements of the photoelectron 
angular distribution parameters for ionizations of molecules as
(1) Dchmcr, J. L.; Dill, D.; Parr, A. C. In Photophysics and Photochem­
istry in the Vacuum Ultraviolet; McGlynn, S., Hucbncr, R., Eds.; D. Rcidcl: 
Dordrecht, Holland, 1984; p 341.
(2) McKoy, V.; Carlson, T. A.; Lucchese, R. R. J. Phys. Chem. 1984, 88, 
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(3) Madden, R. P.; Parr, A. C. Appi. Opt. 1982, 2/, 179.
a function of the photon energy provide a sensitive probe for the 
identification of shape resonances and autoionizations. Detailed 
comparisons of experimental and theoretical results are valuable 
in characterizing the nature of these phenomena.
Several studies on the photoionization of cyanogen (ethane- 
dinitrile, N ^ C —C ^ N ), both experimental4"6 and theoretical,4,7“9 
have been made before. Based on partial photoionization cross 
section and photoelectron angular distribution parameter calcu-
(4) Kreile, J.; Schweig, A.; Thiel, W. Chem. Phys. Lett. 1983, 100, 351.
(5) Parr, A. C.; Holland, D. M. P.; Ederer, D. L.; Dehmer, J. L. Int. J. 
Mass Spectrom. Ion Phys. 1983, 46, 285.
(6) Holland, D. M. P.; Parr, A. C.; Ederer, D. L.; West, J. B.; Dehmer, 
J. L. Int. J. Mass Spectrom. Ion Phys. 1983, 52, 195.
(7) Kreile, J.; Schweig, A.; Thiel, W. Chem. Phys. Lett. 1984, 108, 259.
(8) Lynch, D. L.; McKoy, V.; Lucchese, R. R. In Symposium on Reso­
nances in Electron-Molecule Scattering, van der Waals Complexes and Re­
active Chemical Dynamics; Truhlar, D. G., Ed.; ACS Symposium Series 263; 
American Chemical Society: Washington, DC, 1984; p 89.
(9) Lynch, D. L.; Dixit, S. N.; McKoy, V. J. Chem. Phys. 1986, 84, 5504.
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